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Nucleosome Movement by CHRAC and ISWI
without Disruption or trans-Displacement
of the Histone Octamer
(CHRAC) (Varga-Weisz et al., 1997), and the ATP-depen-
dent chromatin assembly and remodeling factor (ACF)
(Ito et al., 1997) are all modular complexes composed
of several subunits. The common catalytic core of these
remodeling factors is ISWI, a nucleosome-stimulated
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69117 Heidelberg ATPase of the SWI2/SNF2 superfamily (Elfring et al.,
1994; Eisen et al., 1995; Tsukiyama et al., 1995; CoronaGermany
et al., 1999) whose activity is modulated by the distinct
molecular environments provided by the other subunits
(Corona et al., 1999). ISWI-containing nucleosome re-Summary
modeling complexes have been found in eukaryotes
from yeast (ISW1-ISW2 complex; Tsukiyama et al., 1999)The chromatin accessibility complex (CHRAC) be-
to human (RSF; LeRoy et al., 1998).longs to the class of nucleosome remodeling factors
The chromatin accessibility complex (CHRAC), a five-that increase the accessibility of nucleosomal DNA
subunit machinery, facilitates the access to chromatinin an ATP-dependent manner. We found that CHRAC
in cell-free systems by an unknown mechanism (Varga-induces movements of intact histone octamers to
Weisz et al., 1997; Alexiadis et al., 1998). One of theneighboring DNA segments without facilitating their
pathways suggested to lead to increased access todisplacement to competing DNA or histone chaperones
nucleosomal DNA is the reversal of the nucleosome as-in trans. CHRAC-induced energy-dependent nucleo-
sembly process, perhaps involving nucleosome assem-some sliding may, in principle, explain nucleosome
bly factors as acceptors (Chen et al., 1994; Cote et al.,remodeling, nucleosome positioning, and nucleosome
1994). However, it appears that nucleosomes are notspacing reactions known to be catalyzed by CHRAC.
permanently disassembled by CHRAC, since this factorThe catalytic core of CHRAC, the ATPase ISWI, also
also catalyzes the ATP-dependent positioning of intactmobilized nucleosomes at the expense of energy.
nucleosomes on either side of a chromatin boundaryHowever, the directionality of the CHRAC- and ISWI-
(Corona et al., 1999). Furthermore, CHRAC may alsoinduced nucleosome movements differed drastically,
function as a chromatin assembly factor contributing toindicating that the geometry of the native complex
the establishment of regular nucleosomal arrays (Varga-modulates the activity of its catalytic core.
Weisz et al., 1997). We have recently speculated that
CHRAC and alike factors may affect chromatin structureIntroduction
by ªmobilizingº nucleosomes (Varga-Weisz and Becker,
1998). Theoretically, this could be brought about by ei-Compaction of eukaryotic genomes into nuclei involves
ther of two extreme mechanisms: CHRAC may affect thethe forceful bending of DNA around nucleosomes, the
equilibrium of nucleosome assembly and disassemblybasic unit of chromatin. A large number of hydrogen
and, depending on the precise circumstances, tilt thebonding, ionic, and hydrophobic histone±DNA interac-
balance toward intact nucleosomes or toward disas-tions render the nucleosome particle a solid base upon
sembly into subnucleosomal structures. Alternatively,which higher order chromatin structures are built (Luger
NURFs like CHRAC may leave the histone octamer intactet al., 1997). During recent years it has become clear
but affect histone/DNA interactions in a manner thatthat eukaryotic chromatin evolved to optimize the pack-
facilitates the translocation of the octamer on DNA in cis.aging of DNA while implementing mechanisms that as-
To test these two hypotheses, we developed a quanti-sure that structures are sufficiently flexible to be com-
tative assay for energy-dependent nucleosome mobilitypatible with DNA replication, transcription, and repair
induced by remodeling factors. We found that CHRAC(Felsenfeld, 1996; Workman and Kingston, 1998; Wolffe
and recombinant ISWI induce the sliding of nucleo-and Hayes, 1999).
somes, as defined by the movement of intact histoneOne class of factors that introduce flexibility into chro-
octamers on DNA in cis without trans-displacement.matin structure utilizes the energy of ATP hydrolysis to
increase the accessibility of nucleosomal DNA to poten-
Resultstially interacting proteins in an as yet poorly defined
ªnucleosome remodelingº process (Cairns, 1998; Imbal-
CHRAC Induces Repositioning of Nucleosomeszano, 1998; Varga-Weisz and Becker, 1998). Drosophila
in an Arrayembryos proved to be a rich source of such factors.
We recently showed that CHRAC was able to induceThe nucleosome remodeling factor (NURF) (Tsukiyama
the repositioning of nucleosomes in the neighborhoodand Wu, 1995), the chromatin accessibility complex
of the chromatin-bound polymerase I±specific transcrip-
tion factor TTF-I at the expense of energy (Corona et
* To whom correspondence should be addressed (e-mail: becker@ al., 1999). TTF-I may position nucleosomes by direct
embl-heidelberg.de).
interaction with histones as has been reported for the² These authors contributed equally to this work.
yeast a2 repressor (Roth et al., 1992). Alternatively, a³ Present address: Ludwig Butenandt-Institut, Molekularbiologie,
Schiler Straûe 44, 80336 MuÈ nchen, Germany. statistical positioning may involve a general mobilization
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of nucleosomes and energy minimization of the system
striving for maximal charge neutralization while avoiding
steric clashes (Fedor et al., 1988). If nucleosome posi-
tioning relied on general mobilization, rather than on a
direct contact, it should be independent of the DNA-
bound factor. To test for such a scenario, we used pro-
karyotic tetracycline repressors (TetRs) (unlikely to carry
histone interaction domains) to create boundaries in
chromatin on circular plasmid DNA in an experimental
setup reminiscent of the one previously established by
Pazin et al. (1997).
Efficient binding of TetR to its sites spaced 180 bp
apart on free DNA resulted in protection of target se-
quences from micrococcal nuclease (MNase) cleavage
and primer extension footprinting (Figure 1A, panel 2).
As expected, TetR dissociated from DNA again if tetra-
cycline was added to DNA-bound TetR (Figure 1A, panel
3). Chromatin was assembled on the plasmid using a
Drosophila embryo extract and analyzed by MNase (Fig-
ure 1B, panel 1). This chromatin was purified by gel
filtration, and TetR was added either in the presence of
ATP or apyrase, an enzyme that removes residual ATP
from the reaction. Binding of TetR was observed in both
cases (Figure 1B, panels 2 and 3). While footprinting with
MNase preferentially visualizes interaction of proteins
in the nucleosomal linker DNA, we have observed the
binding of TTF-I on the surface of nucleosomes (LaÈ ngst
et al., 1998; data not shown). Therefore, our assay does
Figure 1. CHRAC Triggers the Alignment of Nucleosomes within an
not monitor nucleosome remodeling in order to allow Array with Respect to a Boundary
TTF-I interaction, but rather the relocation of nucleo-
(A) Tetracycline repressor (TetR) binding to its binding sites and
somes with respect to the new TetR boundaries and the loss of DNA binding capacity in the presence of tetracyclin as de-
progressive randomization of positions once the TetR tected by MNase footprinting. TetR was allowed to bind to its sites
boundaries are removed by addition of tetracyclin. on free plasmid DNA (panels 2 and 3). To one binding reaction, 10
mg of tetracycline (Tetrac.) was added (panel 3). The samples wereWhile in the absence of ATP the MNase cleavage
partially digested with two concentrations of MNases, and the re-pattern on either side of the TetR footprint was largely
sulting cleavage pattern was visualized by primer extension foot-similar to the pattern in the absence of bound TetR
printing. The gray boxes indicate the TetR-binding sites. Arrowheads
(Figure 1B, panel 2), some notable changes occurred if point to MNase hyperreactivities.
ATP was present. The TetR footprints were flanked by (B) Energy-dependent positioning of nucleosomes with respect to
strong MNase hyperreactivity, which separated the foot- a TetR-induced boundary. Chromatin was assembled in the Dro-
sophila embryo system and spin-column purified. Samples wereprints from regions of MNase protection of roughly 150
either supplied with fresh 3 mM ATP (panels 1, 3±5) or Apyrase tobp length between the repressors and on either side
further deplete ATP pools (panel 2). TetR was added to reactions(Figure 1B, panel 3). We take these protections (marked
2±5 and allowed to bind for a further 30 min. Then ATP was depletedby ovals) to be positioned nucleosomes, analogous to
in reaction 4 by addition of Apyrase. Tetracycline (Tetrac.) was
the positioning of nucleosomes adjacent to chromatin- added to remove TetR from chromatin in reactions 4 and 5. Protein/
bound Lac repressors (Pazin et al., 1997) or TTF-I DNA interactions were mapped by MNase digestion and primer
(LaÈ ngst et al., 1997a). Positioning of nucleosomes re- extension footprinting. Positioned nucleosomes are indicated by
extended ovals to the right.quires their movement on DNA; this is likely due to the
(C) Nucleosomal arrays were reconstituted from purified histonesnucleosome mobilizing activity of chromatin-bound re-
using PGA-mediated nucleosome assembly. TetR was allowed tomodeling machines (see below). To parallel samples
interact with chromatin either in the presence (panels 2 and 4) orcontaining positioned nucleosomes tetracycline was
absence (panel 3) of ATP. After the binding of TetR nucleosome
added in order to remove the TetR boundary (Figure 1B, repositioning was initiated by adding 150 fmol of CHRAC to sample
panels 4 and 5). If the boundary was removed in the 4. The estimated ratio of CHRAC to nucleosomes in this experiment
absence of ATP, the nucleosomal footprints, and hence is 1:12. TetR binding (gray boxes) and positioned nucleosomes (ex-
tended ovals) were visualized as in (A).the positions, remained (Figure 1B, panel 4). If, however,
ATP was present after the boundaries had been re-
moved, the nucleosome footprints gradually converted
transfer histone octamers onto DNA (Stein et al., 1979;into a more random cleavage pattern (Figure 1B, com-
Laybourn and Kadonaga, 1991; Corona et al., 1999).pare panels 5 and 1). This experiment demonstrated
MNase digestion of nucleosomal arrays reconstitutedthat ATP-dependent nucleosome mobility occurs in the
in this system yielded a MNase pattern similar to thecrude Drosophila chromatin as has been previously re-
one obtained from complex chromatin (Figure 1C, panelported (Varga-Weisz et al., 1995; Pazin et al., 1997).
1). Again, the interaction of TetR with this chromatinIn order to see whether purified CHRAC was able
occurred independently of ATP (Figure 1C, panels 2 andto catalyze nucleosome mobilization, we employed the
artificial histone chaperone poly(glutamic acid) (PGA) to 3), but nucleosome repositioning did not occur in the
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absence of a nucleosome mobilizer. If purified CHRAC
was added in the presence of ATP, a repositioning of
nucleosomes between and on either side of the TetR
boundaries, essentially identical to the one observed in
crude chromatin, was observed (Figure 1C, panel 4). This
result identifies CHRAC as a mobilizer of nucleosomes. It
also has important implications for our understanding
of the phenomenon of nucleosome positioning, since it
shows that a general mobilization of nucleosomes will
automatically lead to a positioning of nucleosomes next
to an inert chromatin boundary, at a distance determined
by energetic considerations.
Mobilization of Single Nucleosomes
by CHRAC and ISWI
While the above assay demonstrated that CHRAC was
able to induce nucleosome mobility in the context of a
nucleosomal array, it was complicated, not quantitative,
and seemed unsuitable to dissect the underlying mecha-
nism. We therefore developed an assay that allowed to
monitor factor-dependent movement of single nucleo-
somes in a quantitative manner. The analysis relies on
the fact that nucleosome reconstitution from pure his-
tones on short DNA fragments frequently yields distinct
preferred nucleosome positions that can be separated
electrophoretically (Linxweiler and HoÈ rz, 1984; Pennings
et al., 1991). Native electrophoresis of nucleosomes re-
constituted with the help of PGA on a 248 bp body-
labeled DNA fragment yielded, in addition to free DNA,
two clearly separated, retarded bands (Figure 2A). These
represent mononucleosomes, since MNase digestion of
isolated particles gives rise to protected fragments of
Figure 2. Reconstitution, Isolation, and Analysis of Nucleosomes146 bp (see below). In analogy to the effect of intrinsic with Defined Positions
or protein-induced DNA bends on fragment mobility (Wu
(A) Nucleosomes were assembled on a body-labeled 248 bp DNA
and Crothers, 1984), nucleosomes located at a fragment fragment (lane 1) by incubation with increasing concentrations of a
end frequently migrate faster than those that are posi- histone/poly(glutamic acid) mixture (HP-mix) (lanes 2±4). The prod-
tioned more centrally on the fragment (Linxweiler and ucts of the reaction were analyzed by electrophoretic mobility shift
assay on a native polyacrylamide gel. The positions of nucleosomesHoÈ rz, 1984; Pennings et al., 1991). We therefore tenta-
are indicated to the right.tively assigned peripheral and central positions to the
(B) The two mononucleosome species were individually purified bynucleosomes for the lower and upper fragment, respec-
preparative gel electrophoresis and analyzed again as in (A).tively (Figure 2A). These nucleosomes essentially retain
(C) Restriction enzyme analysis of nucleosome positions. Isolated
their positions if purified from an acrylamide gel, al- mononucleosomes were digested with MNase, and the resistant
though the central nucleosome tends to diffuse as indi- 146 bp DNA fragment was isolated. The 146 bp fragments derived
cated by the smear below the upper fragment upon from the low (lanes 1±5) and the high (lanes 6±10) mobility nucleo-
somes were digested with the restriction enzymes as indicated.reelectrophoresis (Figure 2B, lane 2).
DNA fragments were separated on a sequencing gel, and their loca-Central and peripheral positions were confirmed by
tions were determined from the lengths of the cleavage products.direct mapping. The isolated nucleosomes were trimmed
(D) Summary of mapping of nucleosome positions. The low-mobilitywith MNase to yield nuclease-resistent 146 bp frag-
nucleosomes occupy a series of central positions between positions
ments, which were again gel purified. The positions of 2190 and 220 on the rDNA; the high-mobility nucleosomes include
these trimmed fragments within the original 248 bp frag- a major population covering the RsaI end and a minor population
ment, and hence the nucleosome positions, were mapped on the DrdI end.
using diagnostic restriction sites (see Figure 2D). The
cleavage pattern of the nucleosomal DNA was complex,
derived from the faster migrating nucleosome revealedsince with body labeling every fragment is visible and
a mixture of the two peripheral positions. Cleavage witheach nucleosomal band represented a family of related
DrdI and SalI leaves a fraction of fragments untouchedpositions (Figure 2C). DrdI and RsaI did not cleave the
that derive from nucleosomes abutting the right end of146 bp fragment derived from the slower migrating
the DNA. DrdI cleaves the remaining fragment intonucleosome, indicating it occupies a central position
pieces of, on average, 110 bp, which positions this(Figure 2C, lanes 2 and 5). Cleavage of this fragment
nucleosome at the left end. Consistent with this positionwith SalI results in a series of fragments that are 10±20
are also the products of SalI cleavage, fragments ofbp shorter than the 146 bp fragment, defining the right
sizes around 75±80 bp and 50±55 bp. A major populationend of these nucleosomes as indicated in Figure 2D.
of nucleosomes abutting the right end was defined byThe HaeIII digestion pattern is consistent with this as-
signment. Restriction analysis of the 146 bp fragment RsaI cleavage, which removed short fragments from the
Cell
846
Figure 4. Time Course of Nucleosome Movements
Isolated end-positioned nucleosomes (lane 1) were incubated with
7.5 fmol CHRAC (lanes 2±5), whereas nucleosomes positioned cen-
trally on the fragment (lane 6) were incubated with 30 fmol ISWI
(lanes 7±10) for the indicated times (in minutes) at 308C. Nucleosome
positions were subsequently analyzed by electrophoresis on a na-
tive polacrylamide gel.
incubated the isolated peripheral nucleosome with
CHRAC or its catalytic core, the recombinant ATPase
ISWI, in the presence or absence of ATP before sub-
jecting the reaction to the electrophoretic mobility shift
assay again. In the presence of ATP and CHRAC, the
Figure 3. Nucleosome Mobilization by CHRAC and rISWI nucleosomes located at the fragment ends were quanti-
(A) Sixty femtomoles of isolated end-positioned nucleosomes was tatively moved to a central position (Figure 3A, lanes
incubated with CHRAC (lanes 3 and 12, 2 fmol; lane 4, 7.5 fmol; lane 10±12) as confirmed by direct mapping of the nucleo-
10, 0.2 fmol; lane 11, 0.75 fmol) or rISWI (lane 1, 10 fmol; lane 2, 30 some after the shift (data not shown). ATP was required
fmol; lanes 6±9, 1±30 fmol) in the absence or presence of ATP as
for this reaction, indicating an energy-dependent mobili-indicated. The nucleosome positions were then analyzed on a native
zation of the nucleosomes by CHRAC (Figure 3A, lanespolyacrylamide gel as before. Lanes 5 and 13 serve as reference
3 and 4). In contrast, recombinant ISWI was unable tofor the migration of end- and center-positioned nucleosomes, re-
spectively. move the nucleosome from the fragment end (Figure
(B) Nucleosomes positioned at the center of the rDNA fragment 3A, lanes 6±9). The quantitative shift of nucleosomes
(lane 1) were incubated with CHRAC (lanes 2±5, 0.2±7.5 fmol; lane from the peripheral to the central position by CHRAC
6, 2 fmol; lane 7, 7.5 fmol) or rISWI (lanes 8±11, 1±30 fmol; lane 12,
indicated that CHRAC did not just induce reequilibration10 fmol; lane 13, 30 fmol) in the presence or absence of ATP as
of the system but demonstrated a directionality of move-indicated and analyzed as before. Lanes 1 and 14 serve as reference
ments. Consistent with this finding, CHRAC was unablefor the migration of center- and end-positioned nucleosomes, re-
spectively. to mobilize the central nucleosome, but rather converted
the fragment ªsmearº arising from heterogeneous posi-
tions into a tight central position (Figure 3B, lanes 2±5,
and data not shown). Surprisingly, however, recombi-right end, indicating several nucleosome positions close
to this end. The HaeIII cleavage pattern is also consistent nant ISWI was able to induce the movement of centrally
located nucleosomes to the fragment ends (Figure 3B,with two nucleosome positions abutting each fragment
end. In summary, the mapping established different lanes 8±11). This reaction also required ATP (Figure 3B,
lanes 12 and 13) and was not observed when ISWI wasnucleosome positions on the fast and slow migrating
species. The slower migrating form consists of a popula- replaced by a mutant protein unable to hydrolyze ATP
(K159R; Corona et al., 1999; data not shown), demon-tion of nucleosomes at central positions, perhaps being
determined by strong sequence-directed bends in rDNA strating that ISWI by itself is an energy-dependent mobi-
lizer of nucleosomes. However, the directionality of thepromoters (Marilley and Pasero, 1996; LaÈ ngst et al.,
1997b). The faster migrating form arises from a mixture nucleosome movements differed, whether ISWI alone
or in the context of CHRAC triggered the reaction. Thisof nucleosomes located at the fragment ends, which
also constitute low energy sites (Linxweiler and HoÈ rz, phenomenon has also been observed with nucleosomes
reconstituted on an unrelated DNA sequence and is1984).
The nucleosome positions were remarkably stable therefore not due to a particular DNA structure (data not
shown).during purification, handling, and storage, and even in-
cubation of the isolated nucleosomes for up to 2 hr at The moving of nucleosomes from one position to the
other required some time; after 10 min of incubation of378C at 80 mM KCl and variable magnesium concentra-
tions did not result in an equilibration in nucleosome the peripheral nucleosomes with CHRAC about 50% of
the nucleosomes had moved to the central position, butpositions (data not shown). This indicates that intrinsic
nucleosome mobility (Meersseman et al., 1992) was low complete relocation required about 30 min (Figure 4,
lanes 1±5). Mobilization of the central nucleosome byunder our experimental conditions. In order to see whether
CHRAC was able to trigger nucleosome mobility, we ISWI followed the same kinetics (Figure 4, lanes 7±10).
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Nucleosome Mobility Does Not Involve Transfer
to DNA or PGA in trans
Recently, the yeast RSC complex was shown to promote
the transfer of histone octamers to competing DNA at
relatively low DNA concentrations, indicating that RSC-
dependent nucleosome remodeling involves an interme-
diate state in which most histone/DNA contacts are dis-
rupted (Lorch et al., 1999). Testing for energy-dependent
transfer of nucleosomes to free DNA in trans during
the nucleosome movements may give insight into the
mechanistics of dynamic nucleosome structure transi-
tions. If transfer is observed, the nucleosome movement
may be brought about by fast nucleosome disassembly/
reassembly events. The absence of transfer may indi-
cate that movements occur by ªslidingº of the histone
octamer on DNA.
Titration of excess free DNA fragments into the mobil-
ity reactions leads to progressive inhibition of CHRAC-
induced mobility to about 10%±50% of the reaction in
the absence of free DNA (Figure 5A, lanes 2±6) as has
recently been observed for RSC (Lorch et al., 1999). If
histone octamers were transferred onto the competing
unlabeled DNA, a corresponding amount of nucleoso-
mal DNA would be converted into free, labeled DNA, but
no significant amounts of free DNA could be detected
(Figure 5A, lanes 3±5) under conditions where RSC-
dependent octamer transfer has been observed (Lorch
et al., 1999). Since nucleosome disruption may also be
Figure 5. No trans-Displacement of Histones during Nucleosome
facilitated by histone carrier proteins, alone or in syner- Mobilization Can Be Detected
gism with DNA (Chen et al., 1994), we used PGA as
(A) End-positioned nucleosomes (lane 1) were mobilized by 7.5 fmol
a nonspecific histone chaperone, which is frequently CHRAC (1) in the presence of increasing amounts of DNA (lanes
employed as a nonphysiological nucleosome assembly 3±5) or increasing amounts of PGA (lanes 7±9). Under no circum-
stances were increased levels of radioactive, free DNA detected,factor (see above). Addition of up to a 100-fold excess
even after prolonged exposure of the gel (position indicated ªDNAº).of PGA over the amount that would ordinarily be required
Neither maximal amounts of DNA (lane 6) nor PGA (lane 10) induceto fully bind all histones in the sample did not affect
nucleosome mobility in the absence of CHRAC. Nucleosome posi-nucleosome movements significantly and did not give
tions were analyzed on a native polyarcylamide gel as before.
rise to detectable free labeled DNA (Figure 5A, lanes (B) Reactions analyzed on the left panel (lanes 1±9) contained
7±9). Adding this amount of PGA together with competi- nucleosomes on 40 ng 32P-labeled 248 bp DNA and 10 ng of cold
fragment as acceptor/competitor. (The radiolabeled free DNA intor DNA also did not result in significant amounts of free
these samples originates from some nucleosome decay during thelabeled DNA (data not shown). Transfer of histones onto
gel purification step and is therefore not due to a factor-inducedPGA might of course be a very transient phenomenon
remodeling reaction.) These reactions serve as a control for thegiven that PGA is a potent nucleosome assembly factor.
reactions on the right panel and verify that the end-positioned
In order to test for this possiblity in the most sensitive nucleosomes (lane 1) were moved by the indicated amounts of
manner, we designed the experiment shown in Figure CHRAC in the absence or presence of high amounts of PGA. Reac-
tions analyzed on the right panel (lanes 10±19) contained the same5B. In two parallel series of nucleosome mobility reac-
reagents, but the label was swapped; nucleosome mobility occuredtions, we either mixed nucleosomes on 40 ng labeled
on 40 ng of unlabeled fragment, whereas the 10 ng free competitor/DNA with 10 ng unlabeled free DNA (Figure 5B, lanes
acceptor fragment was now labeled with 32P. The reactions were1±9) or nucleosomes on 40 ng unlabeled DNA with 10
analyzed as before. Transfer of histone octamers to the free DNA
ng labeled, free DNA fragment (Figure 5B, lanes 10±19). would be detectable as a band migrating at the position of the
The reactions containing labeled nucleosomes (Fig- nucleosomes in the right panel (marked with asterisks).
ure 5B, lanes 1±9) served to monitor nucleosome mobil-
ity under these conditions: quantitative movement of octamers onto free DNA, whether or not PGA was pres-
nucleosomes by CHRAC from the peripheral to the cen- ent. We estimate that the very faint bands at the position
tral position occurred under all circumstances and was of nucleosomal DNA (labeled with asterisks in lanes 11,
not inhibited by the presence of PGA. The parallel reac- 16, and 17) represent less that 0.01% of the input frag-
tions were identical to the first ones except that the ment. Hence, transfer onto free DNA in these reactions
radioactive label was not on the nucleosomes, but rather is an extremely unlikely event.
on the competing DNA. If histone octamers were trans-
ferred from the nucleosome to the free DNA fragments, Nucleosome Mobilization by CHRAC Correlates
directly or via a PGA-bound intermediate, as has been with Stabilization of the Nucleosome
observed for Lorch et al. (1999) the radioactive fragment Core Particle
should be shifted into the nucleosomal position. The Nucleosome remodeling by SWI/SNF-related complexes
involves a perturbation of histone/DNA interactions thatexperiment revealed no significant transfer of histone
Cell
848
Figure 6. CHRAC-Induced Nucleosome Mo-
bilization Does Not Disrupt Histone/DNA In-
teractions
(A) CHRAC action does not alter the path of
DNA on mononucleosomes. Nucleosomes
assembled on a 32P end-labeled 146 bp DNA
fragment (panels 3 and 4) or corresponding
free DNA (panel 2) were incubated with a
nucleosome mobilization reaction as in Fig-
ure 5 in the absence (panel 3) or presence of
CHRAC (panel 4) for 30 min before partial
digestion with decreasing amounts of DNa-
seI. DNA was analyzed on a sequencing gel.
The fragment pattern derived from nucleoso-
mal DNA differs from the one derived from
free DNA by a set of characteristic enhance-
ments (arrowheads) and protections (open
circles). The nucleosomal profile remains un-
changed under conditions of nucleosome
mobility. Lane 1 shows the pBR322/MspI
DNA marker.
(B) CHRAC stabilizes the nucleosomal core
upon MNase digestion. Nucleosomal arrays
reconstituted by salt gradient dialysis (panel
1) were incubated with CHRAC or rISWI in
the absence or presence of ATP as indicated.
Reactions were digested with MNase for 10,
40, and 180 s. MNase fragments were purified
and separated on an agarose gel, which was
Southern blotted and hybridized with the ran-
dom prime-labeled plasmid DNA. Fragments
derived from mononucleosomes (m), di-
nucleosomes (d), and trinucleosomes (t) are
indicated.
can be visualized by an altered DNase I cleavage pattern of a factor was not correspondingly enhanced (Figure
6B, compare panels 3 and 1). By contrast, the mono-of nucleosomal DNA (Cote et al., 1994; Cairns et al.,
1996; Imbalzano et al., 1996). In order to see whether this nucleosome particle was even stabilized in the presence
of ATP and CHRAC. rISWI had a less pronouced effectwas also the case for CHRAC, we assayed for altered
histone/DNA interactions on rotationally positioned nu- on the digestion kinetics but also stablized the nucleo-
some somewhat in an ATP-dependent manner (Figurecleosomes under conditions of mobilization. Nucleo-
somes reconstituted on a 146 bp DNA fragment or the 6B, panels 4 and 5). We conclude from these experi-
ments that nucleosome mobilization by CHRAC doescorresponding free DNA were incubated with a nucleo-
some mobility reaction as in Figure 5B. DNase I digestion not involve overt disruption of the nucleosome particle
and that it differs in mechanistic detail from the remodel-of the nucleosome yields a characteristic cleavage pat-
tern that differs from the pattern derived from free DNA ing reaction reported for SWI/SNF-like complexes.
(Figure 6A, panel 2) by a modulation with roughly 10 bp
periodicity (Figure 6A, panels 3 and 4). The nucleosomal
pattern was identical whether or not CHRAC was in- Discussion
cluded in the reaction, and, more specifically, no bands
characteristic for free DNA appeared (Figure 6A, com- Nucleosome Movements Catalyzed by Nucleosome
Remodeling Factorspare panels 3 and 4). This result is in clear contrast to
the outcome of analogous experiments with SWI/SNF A path of positively charged amino acids determines the
winding of 146 bp of DNA around the histone octamercomplexes, which alter the DNA path over the nucleoso-
mal surface when they are reconstituted on equally short to form the nucleosome (Luger et al., 1997). The DNA
approaches the histone octamer surface with a periodic-DNA fragments (e.g., Imbalzano et al., 1996). The ab-
sence of appreciable perturbation of nucleosomes was ity dictated by its helix geometry, where it is held by
ionic, hydrophobic, and van der Waals interactions. Thehighlighted by a different kind of experiment. Strings of
close-packed nucleosomes were reconstituted by salt sum of these weak interactions renders the nucleosome
a particle with remarkable stability. Some DNA se-gradient dialysis, incubated with CHRAC or ISWI, and
then digested with MNase (Corona et al., 1999). A com- quences bend better over the surface of a histone oc-
tamer due to their anisotropic flexibility and bent nature;parison of the digestion rate of chromatin in the pres-
ence of CHRAC and ATP to the one in the absence those sequences will position nucleosomes rotationally
in the absence of any further cues (Thoma, 1992). Anof the factor was revealing; while the rate of MNase
digestion of the nucleosomal array was increased 9-fold example of such a positioning is provided by the rDNA
promoter fragment used in our analysis, which containsin a CHRAC- and ATP-dependent manner, the degrada-
tion of the mononucleosome that occurs in the absence strong DNA bends that may influence the positioning of
Catalysis of Nucleosome Mobility
849
nucleosomes (LaÈ ngst et al., 1997b). Despite the exis- of modular remodeling factors. Remarkably, the out-
come of nucleosome mobilization by CHRAC and re-tence of multiple histone/DNA interactions, nucleosomes
combinant ISWI (rISWI) differed profoundly. While CHRAChave been shown to equilibrate between neighboring
only induced movements of nucleosomes from the frag-positions at physiological ionic strengths. However,
ment ends to center positions, rISWI catalyzed the re-this temperature-enhanced ªdiffusionº of nucleosomes
verse reaction. It is possible that this apparent polarityaround a preferred site is limited to clusters of close-
of movement reflects the particularities of the assayby positions of identical rotational positioning. Nucleo-
system more than the physiological properties of the en-somes will not move outside of such a cluster, presumably
zymes involved. Nevertheless, the phenomenon clearlybecause the activation energy is too high (Meersseman
demonstrates that the subunits associated with ISWI inet al., 1991). In our experiments, nucleosomes posi-
CHRAC modulate the outcome of the mobilization. ISWItioned either at the ends of a DNA fragment or at a
alone may simply move nucleosomes until they reachcentral position did not move significantly from these
a barrier on DNA. In our artificial situation this may corre-sites even when they were incubated for extended times
spond to a fragment end or otherwise a particularlyat 378C. Remarkably, CHRAC was able to mobilize all
rigid DNA sequence, secondary structure, or tight DNA-nucleosomes bound to fragment ends to relocate to a
binding factor. In the latter case, nucleosome mobilitymore central position on the DNA. This led to the novel
would lead to a statistical positioning of nucleosomesconclusion that NURFs may induce energy-dependent
next to the bound proteins, as is indeed observed whennucleosome movements beyond the realm of ªdiffu-
TetR repressors interact with chromatin (see Figure 1).sion.º This energy-dependent nucleosome mobility also
CHRAC contains, in addition to ISWI, a functional dimerdiffers from the ªdiffusionº of nucleosomes within a clus-
of topoisomerase II and may contain other DNA or his-ter by its sensitivity against histone H1. Short range,
tone interaction surfaces on the three as yet uncharac-energy-independent mobility is inhibited by linker his-
terized subunits. If topoisomerase II interacted with twotones (Pennings et al., 1994), while at least in crude
segments of DNA during the remodeling reaction, it may,extracts energy-dependent nucleosome mobility in H1-
in analogy to the positioning of a nucleosome betweencontaining chromatin has been observed (Varga-Weisz
two DNA-bound TetR proteins, constitute ªboundariesºet al., 1995).
that confine nucleosome positions to a central position.
Similar conclusions have been reached independently
by Hamiche et al. (1999 [this issue of Cell]) in a study on
A Mechanism for Nucleosome Mobility that Doesthe ISWI-containing NURF. NURF is also able to induce
Not Involve Histone Octamer Disruptionnucleosome movements, again highlighting the impor-
or trans-Displacementtant role of ISWI. However, NURF differs from CHRAC
Two extreme scenarios may be envisaged to explainby its inability to function as a nucleosome spacing
how ISWI induces nucleosome mobility. ISWI may affectfactor, which illustrates the influence of the molecular
the equilibrium of nucleosome assembly and disassem-context on ISWI function.
bly and, depending on the precise circumstances, tilt
CHRAC catalyzes a number of reactions of seemingly
the balance toward intact nucleosomes or toward disas-
different nature. It increases the accessibility of nucleo-
sembly into subnucleosomal structures. The rapid reas-
somal DNA toward restriction enzymes and eukaryotic
sembly of a transiently disrupted nucleosome at a differ-
regulators, it is able to trigger the alignment of nucleo- ent site on DNA would be interpreted as ªnucleosome
somes with respect to a boundary in chromatin, and it movement.º The reassembly of disrupted octamers
is able to introduce regularity into a nucleosomal array would not necessarily be restricted to the same DNA
during nucleosome assembly (Varga-Weisz and Becker, molecule but may also lead to a transfer of a histone
1998; Corona et al., 1999). The finding that CHRAC is octamer to a different, competing DNA molecule. Such
able to trigger nucleosome movements to neighboring a trans-displacement has recently been observed as a
DNA suggests that nucleosome mobility may be in- consequence of nucleosome remodeling by RSC (Lorch
volved in the above-mentioned phenomena. The out- et al., 1999). We have been unable to detect CHRAC-
come of nucleosome mobilization will depend on the induced nucleosome displacement in trans under condi-
circumstances and the assays employed. It may lead tions that are very similar to those of Lorch et al. (1999)
to ªnucleosome remodelingº (nucleosomes slide off a and even in the presence of large amounts of the artificial
transcription factor±binding site), ªnucleosome reposi- histone chaperone poly(glutamic acid). Our data also
tioningº (nucleosomes move to find the optimal distance indicate that CHRAC leaves the histone octamer intact,
with respect to a newly introduced chromatin boundary), while affecting histone/DNA interactions in a manner
and ªchromatin regularityº (nucleosomes move to align that facilitates the relocation of the octamer on DNA
with respect to each other). Chromatin that is rendered only in cis. Mobility was characterized by (1) the stability
dynamic through nucleosome mobility will be flexible of the histone octamer and (2) the confinement of the
to respond to changes in protein/DNA interactions by nucleosome to DNA segments on the same molecule.
continuous energy minimizations. This type of mobility can presently be best described
We recently showed that the ATPase ISWI can be by the term ªsliding.º It is unclear at present how ISWI
considered the catalytic core of CHRAC and presumably is able to induce nucleosome sliding, but the availability
also other ISWI-containing remodeling complexes, such of a quantitative assay should help to elucidate the un-
as NURF and ACF (Corona et al., 1999). Our finding that derlying mechanism of sliding.
ISWI alone is able to mobilize nucleosomes in an energy- According to Van Holde and Yager (1985), short range
nucleosome movements could theoretically be initiateddependent manner lends further support to the concept
Cell
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Proteinsby the thermal untwisting of a segment of DNA at the
Histones were extracted from Drosophila embryos and purified bynucleosome edge, which would lead to a displacement
chromatography on a hydroxylapatite column as described (Simonof a DNA/histone contact by perhaps as little as one
and Felsenfeld, 1979). CHRAC was purified as described, except
base pair. This small DNA distortion may be propagated that the second CM Sepharose column was omitted (Varga-Weisz
randomly over the histone octamer surface. The accu- et al., 1997) and the 400 mM eluate of the CM Sepharose column
was immediately fractionated on the MonoQ column (a detailedmulation of many such single base translocations would
protocol is available upon request). CHRAC was z50% pure, butlead to a ªscrewingº of DNA over the histone octamer
the absence of NURF contamination was assayed by Western blot-surface and may theoretically lead to significant nucleo-
ting with antibodies against the NURF-specific subunit p38 (Gdulasome movements (Van Holde and Yager, 1985). Nucleo-
et al., 1998). rISWI was prepared according to Corona et al. (1999).
some mobilization factors may enhance the screwing rISWI was greater than 90% pure and intact. Purity and integrity of
translocation by active twisting of the DNA or by en- the protein are critical for the success of the experiments. Hexahis-
tidine-tagged TetR was expressed from plasmid pTETres-his tag indowing the system with directionality of propagation of
BL21/lysS and purified over NiNTA agarose (Qiagen) according toa DNA distortion through the nucleosome.
standard protocols.Alternatively, a transiently disrupted histone/DNA
contact at the nucleosomal edge may initiate the release
Chromatin Reconstitutionof a DNA segment from the octamer. The histone contact
Chromatin reconstitution with Drosophila embryo extracts was ac-
may then recapture DNA at a different position, creating cording to published procedures (Becker et al., 1994; Bonte and
a DNA bulge the size of which would be mainly deter- Becker, 1999).
mined by the stiffness of the DNA molecule. Movement Nucleosome Assembly with Polyglutamic Acid
Mononucleosome particles and nucleosomal arrays on circular plas-of this ªbulgeº over the octamer surface would again
mid DNA were assembled using purified histones and polyglutamiclead to nucleosome translocation. A site exposure
acid (PGA, Sigma P4886) according to Stein et al. (1979). Histonesmodel for nucleosome mobility has recently been devel-
and PGA were mixed in a 2:1 mass ratio in 0.15 M NaCl and incubated
oped by Widom (1999). Efficient release of longer DNA for 1 hr at RT. Precipitates were removed by centrifugation at RT
segments might require energy input provided by a re- for 4 min at 11 krpm, and the supernatant (HP-Mix) was stored in
modeling factor. One popular model suggests that a aliquots at 2208C. Different ratios of DNA to HP mix were incubated
for 3 hr at 378C and analyzed by electromobility shift assay to revealremodeling factor might use the energy of ATP to move
optimal conditions for nucleosome assembly. Chromatin assemblyon DNA, peeling DNA segments off a histone octamer
on circular DNA was optimized according to supercoiling analysisthat can be recaptured by the same octamer at a differ-
on chloroquine gels and partial MNase digestion.
ent position (Pazin and Kadonaga, 1997). Examples for Nucleosome Reconstitution by Salt Gradient Dialysis
such engines that are able to disrupt histone/DNA inter- Salt dialysis was performed in Sartorius collodion bags, which were
actions are RNA polymerases (O'Donohue et al., 1994; rinsed with water and blocked with HI salt buffer (10 mM Tris/HCl
[pH 7.6], 2 M NaCl, 1 mM EDTA, 1 mM b-mercaptoethanol, 0.05%Studitsky et al., 1994, 1997), DNA helicases (Ramsperger
Nonidet P40), containing 200 ng/ml BSA. A typical assembly reactionand Stahl, 1995), and the RuvAB motor protein that
(500 ml) contained 60 mg DNA, 40 mg BSA, and 60 mg histones inmoves a Holliday junction through a nucleosome (Grigo-
HI salt buffer, adjusted to a final concentration of 2.5 M NaCl. The
riev and Hsieh, 1998). Depending on the precise experi- salt was continuously reduced to 50 mM NaCl during 16±24 hr. The
mental conditions, the action of these enzymes may efficiency of chromatin assembly was monitored by measuring the
lead to either histone octamer trans-displacement or its restrained superhelicity after complete relaxation with topoisomer-
ase I.repositioning in cis. Lorch et al. (1998) recently sug-
gested a model whereby RSC invades a nucleosome
Energy-Dependent Nucleosome Positioning on Plasmidsfrom the edge, creating a DNA bulge that is moved
One footprint unit of TetR on naked plasmid DNA containing 34 fmolover the entire octamer surface. Such a scenario would
tet operators corresponded to about 0.25 ml of protein. Binding of
involve major alterations of the DNA path as are indeed TetR was abolished by addition of 10 mg tetracycline per 20 ml
observed upon nucleosome remodeling by RSC and reaction. Primer extension footprinting of MNase digested protein/
SWI/SNF complexes (Cote et al., 1994; Cairns et al., DNA complexes employed a single extension of annealed oligonu-
cleotide pBS SK. In order to analyze nucleosome positioning in1996; Imbalzano et al., 1996; Wang et al., 1996). By
complex chromatin, chromatin was assembled on the plasmidcontrast, CHRAC-induced nucleosome movements did
pTET-HSP-TET2. Aliquots (75 ml) of the assembly reaction were spinnot correlate with changes in the 10 bp repeat DNase I
purified on Sepharyl S-300 HR columns (Varga-Weisz et al., 1999).
digestion pattern, suggesting that nucleosome remodel- Some samples received an additional 3 mM of fresh ATP, while
ing by SWI2/SNF2 and ISWI is based on different mecha- traces of ATP were removed with 0.75 U Apyrase for 10 min in
nisms. others. One footprint unit of TetR per 100 ng chromatin was allowed
to bind for 30 min at 268C. MNase digestion of chromatin was as
described (Bonte and Becker, 1999). To analyze CHRAC-dependent
nucleosome positioning in a system of lower complexity, nucleo-Experimental Procedures
somes were assembled for 3 hr at 378C on 1200 ng TET-HSP-TET2
plasmid from HP mix in a volume of 150 ml and a final salt concentra-Nucleic Acids
tion of 80 mM NaCl. The nucleosome alignment reaction contained,Plasmid pTET-HSP-TET2 contained sequences 2325 to 2140 up-
in 100 ml EX120 (Bonte and Becker, 1999): 30 ml chromatin, 600 ng/stream of the Drosophila hsp26 gene flanked by two binding sites
ml BSA, 1 mM ATP, and 3 ml CHRAC (Corona et al., 1999).for the tetracycline repressor in a pBluescript vector. The hsp26-
derived sequence is occupied by a localized nucleosome in vivo
and in vitro (Wall et al., 1995). Mononucleosomes were reconstituted Reconstitution and Analysis of Positioned Mononucleosomes
Nucleosomes were assembled with the help of poly(glutamic acid)on a 248 bp DNA fragment representing sequences between 2232
and 116 relative to the mouse rDNA transcription start site (11). on a mix of 1.5 mg of body-labeled 248 bp rDNA fragment and 1.8
mg carrier DNA. Different positions were separated by electrophore-This DNA fragment was synthesized by PCR and body labeled by
inclusion of [a-32P]dCTP in the PCR reaction. The 146 bp fragment sis on 5% polyacrylamide gels in 0.53 TBE. The gel slice containing
the separated nucleosomes was crushed, and the nucleosomeswas a PCR fragment containing a modified polylinker.
Catalysis of Nucleosome Mobility
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were eluted by overnight incubation in EX110 buffer containing 3 Tamkun, J.W., and Becker, P.B. (1999). ISWI is an ATP-dependent
nucleosome remodeling factor. Mol. Cell 3, 239±245.mM MgCl2 and 600 ng/ml BSA. Isolated nucleosomes were digested
with MNase in the presence of 600 ng/ml BSA. After proteinase K Cote, J., Quinn, J., Workman, J.L., and Peterson, C.L. (1994). Stimu-
treatment, the MNase-resistant 146 bp fragments were isolated from lation of GAL4 derivative binding to nucleosomal DNA by the yeast
a 6% polyacrylamide gel, digested with diagnostic restriction en- SWI/SNF complex. Science 265, 53±60.
zymes (see Figures 2C and 2D), and the position of the nucleosomes Eisen, J.A., Sweder, K.S., and Hanawalt, P.C. (1995). Evolution of
on the 248 bp fragment was derived from the length of the digestion. the SNF2 family of proteins: subfamilies with distinct sequences
and functions. Nucleic Acids Res. 14, 2715±2723.
Nucleosome Mobility Assays
Elfring, L.K., Deuring, R., McCallum, C.M., Peterson, C.L., and Tam-Sixty femtomoles of isolated mononucleosomes of defined position
kun, J.W. (1994). Identification and characterization of Drosophilaon the 248 bp rDNA fragment were incubated with CHRAC or ISWI
relatives of the yeast transcriptional activator SNF2/SWI2. Mol. Cell.as indicated in the figure legends for 60 min at 308C in 10 ml EX80
Biol. 14, 2225±2234.buffer containing 1 mM ATP, 1.5 mM MgCl2, 400 ng BSA/ml, and 1
Fedor, M.J., Lue, N.F., and Kornberg, R.D. (1988). Statistical posi-mM DTT. Nucleosome transfer was tested in mobility reactions that
tioning of nucleosomes by specific protein-binding to an upstreamcontained 240 fmol of nucleosomes and 60 fmol of competitor DNA
activating sequence in yeast. J. Mol. Biol. 204, 109±127.and/or up to 100 ng/ml PGA. Competitor DNA concentrations be-
tween 2±30 ng/ml were tested. Felsenfeld, G. (1996). Chromatin unfolds. Cell 86, 13±19.
Gdula, D., Sandaltzopoulos, R., Tsukiyama, T., Ossipow, V., and
MNase/DNaseI Digestion of Salt-Assembled Chromatin Wu, C. (1998). Inorganic pyrophosphatase is a component of the
For the experiment shown in Figure 6B, nucleosomal arrays were Drosophila nucleosome remodeling factor complex. Genes Dev. 12,
reconstituted on plasmid DNA by salt gradient dialysis. Chromatin 3206±3216.
corresponding to 600 ng plasmid DNA was incubated for 30 min at Grigoriev, M., and Hsieh, P. (1998). Migration of a holliday junction
268C with 150 fmol CHRAC or 620 fmol ISWI in the presence or through a nucleosome directed by the E. coli RuvAB motor protein.
absence of 1 mM ATP and 200 ng/ml BSA, in a final volume of 30 Mol. Cell 2, 373±381.
ml EX100. The reactions were digested with 25 U MNase/100 ng
Hamiche, A., Sandaltzopoulos, R., Gdula, D.A., and Wu, C. (1999).DNA for 10, 40 and 180 s in the presence of 3 mM CaCl2. The
ATP-dependent histone octamer sliding mediated by the chromatinreactions were stopped by the addition of 0.2 vol of 4% SDS/100
remodeling complex NURF. Cell 97, this issue, 833±842.mM EDTA. The MNase digestion products were purified, separated
Imbalzano, A.N. (1998). Energy-dependent chromatin remodelers:on an 1.3% agarose gel, Southern blotted, and hybridized with the
complex complexes and their components. Crit. Rev. Eukaryot.random prime-labeled plasmid. In order to monitor the effect of
Gene Expr. 8, 225±255.CHRAC on the 10 bp repeat pattern (Figure 6A), a standard nucleo-
some mobilization reaction involving nucleosomes on the cold 248 Imbalzano, A.N., Schnitzler, G.R., and Kingston, R.E. (1996). Nucleo-
bp rDNA fragment was spiked with nucleosomes reconstituted on some disruption by human SWI/SNF is maintained in the absence
a 146 bp end-labeled DNA or the corresponding free DNA. The of continued ATP hydrolysis. J. Biol. Chem. 271, 20726±20733.
reactions were digested with DNase I, and the resulting fragments Ito, T., Bulger, M., Pazin, M.J., Kobayashi, R., and Kadonaga, J.T.
were analyzed on sequencing gels. (1997). ACF, an ISWI-containing and ATP-utilizing chromatin assem-
bly and remodeling factor. Cell 90, 145±155.
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